,B-Alanine catabolism in Pseudomonas fluorescens is initiated by the enzyme ,B-alanine transaminase. We have isolated mutants which fail to produce this enzyme and thus cannot grow on ,B-alanine as the sole nitrogen source. The accumulation of j3-alanine-1-'4C has been studied in one of these mutants, strain 67, and in the wild type. In the mutant, ,B-alanine remains in a stable intracellular pool, whereas in the wild type conversion of ,B-alanine to an intermediate, presumably malonate semialdehyde, and to CO2 can be detected. The membrane transport system for ,B-alanine can be conveniently studied in this transaminaseless mutant.
The metabolic versatility of Pseudomonas is well known. Jacoby's work (10) revealed genetic control of amino acid transaminases in P. fluorescens. Hayaishi et al. (6) showed that the metabolism of ,B-alanine in the same species occurs by an inducible pathway consisting of two enzymes: (i) L-alanine: malonate semialdehyde (MSA) amino transferase (EC 2.6.1.18); reaction: ,Balanine + pyruvate iS L-alanine + MSA. (ii) MSA dehydrogenase (EC 1.2.1.18); reaction: MSA + nicotinamide mononucleotide + adenosine triphosphatase + coenzyme A -* acetylcoenzyme A + adenosine diphosphate + inorganic orthophosphate + nicotinamide adenine dinucleotide phosphate + carbon dioxide.
The study of membrane transport of amino acids in organisms with strong degradative pathways is rendered difficult by the metabolic instability of the intracellular substrate pool. The approach we took to circumvent this difficulty employs a mutant organism which cannot degrade ,B-alanine due to loss of f,-alanine transaminase. This paper reports the isolation and properties of such a mutant. The following paper (7) describes the properties of the system transporting ,-alanine.
MATERIALS AND METHODS
Organism and growth conditions. The wild-type strain, ATCC 11250, was the same organism as that used by Hayaishi et al. (6) Liquid-growth studies were performed in a glucosesalts medium of the following composition (per liter):
(NH4)2SO4 (1.5 g), K2HPO4 (1.5 g), KH2PO4 (0.5 g), MgSO4 7H20 (0.2 g), and glucose (5.0 g). Solid media were prepared by addition of agar (15 g/liter). When substitutions for carbon or nitrogen sources were made, the same gram atomic quantities were used. Growth studies were performed at 30 C and growth was recorded turbidimetrically at 660 nm or at 540 nm.
Mutagenesis and selection. For mutagenesis an ultraviolet (UV) germicidal lamp was employed at a distance of 40 cm. The dose-survival curve for UV treatment gives a classical "one-hit" response. At 90 sec, the dose period used, the survival was 0.01%. ,B-Alanine catabolic mutants were enriched by a cycling procedure in which the growth phase of the selection process was performed on a medium containing L-alanine as the nitrogen source. The enrichment phase occurred on a medium in which ,B-alanine was the nitrogen source and penicillin G (1,000 units/ ml) or dihydrostreptomycin (500 jug/ml) was added to kill growing cells (9) . Mutant colonies which demonstrated no ability to grow on agar plates in which 13-alanine served as the nitrogen source were isolated by replica plating. N-methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis was performed under conditions described by Adelberg et al. (1) (15) . Transport studies. Log-phase cells were prepared for uptake studies by centrifuging at 2,000 X g and washing in a buffer of the following composition per liter: glucose (5.0 g), K2HPO4 (1.5 g), KH2PO4 (0.5 g), and chloramphenicol (100 mg). Washed cells (0.5 mg) were preincubated for 20 min at 30 C with 1 ml of buffer, after which O-alanine-1-14C (New England Nuclear Corp., Boston, Mass., 1 to 5 mCi/mmole) was added. Uptake was stopped by rapid separation of cells from media on a membrane filter (3a) . The dried filters were glued to a planchet and counted with a model D-47 gas-flow detector and scalar (NuclearChicago Corp., Des Plaines, Ill.). When it was necessary to monitor 14CO2 evolution simultaneously, uptake studies were conducted in a sealed Warburg flask containing 0.2 ml of 20% KOH in the center well; 10 ,liters of KOH containing K214C03 was removed at intervals and placed on a planchet for counting.
This method resulted in an experimental error of 10% when different flasks were sampled once after an identical period of incubation with isotope. A control flask sampled once (at 55 min) agreed with the 55-min sample of the experimental flask (repeatedly sampled) within this experimental error.
Chronutographic methods. Soluble radioactivity was extracted from cells by boiling for 10 min and precipitating protein with cold 5% trichloroacetic acid. Radioactive metabolites were separated on Whatman 3MM paper in a butanol-acetic acid-water (12:3:5) solvent. After development overnight, the chromatogram was dried and cut into strips that were passed through a strip scanner to locate radioactivity.
RESULTS
Utilization of (8-aanine by wild-type cells. Figure 1 shows growth curves for wild-type cells grown on j3-alanine-containing media. The inoculum is derived from a glucose-salts growth medium and a 2-to 3-hr lag phase occurs before the onset of growth on either f3-alanine-glucose medium or ,B-alanine-(NH4)2SO4 medium. Growth on f3-alanine as a nitrogen source is more rapid and yields more cells than growth on f,-alanine as a carbon source. Growth on Il-alanine as a source of both carbon and nitrogen requires a long induction period.
Adaptation to the ,B-alanine-glucose medium is associated with a fourfold increase in the specific activity of,-alanine transaminase (Fig. 2) .
Growth of catabolic mutts Four independent isolates were selected from UV treatment (strains 91 and 83A) and from NTG mutagenesis (strains 67 and 72) and tested for their ability to grow on j3-alanine-glucose medium. All mutants showed wild-type growth when L-alanine was the nitrogen source but showed impaired ability to use (3-alanine (Fig. 3) . Addition of pyridoxine (up to 0.01 M) to the (-alanine-glucose medium did not promote growth of the mutants. Phenotypic differences are apparent between the different isolates. Strains 91 and 83A show arithmetic growth on the ,B-alanine-glucose medium. Strain 72 grows on ,B-alanine only after prolonged adaptation. Only strain 67 is completely unable to use ,B-alanine as a source of nitrogen.
Absence of (3-alanine transaminase activity in mutants. In the parent strain, 4 hr of adaptation ta 30 C are required to produce fully induced levels of (-alanine transaminase. Fully induced levels in wild type are four to five times greater than constitutive levels. Table 1 carboxyl-labeled,B-alanine is, therefore, another indication of the presence or absence of this pathway for degrading #-alanine. Figure 4 compares the uptake of f3-alanine-1_14C into the cells and the evolution of 14CO2 in the wild type and in mutant 67. Internal 14C rises to a peak at 6 min in the wild type and decreases to a steady-state level at 15 min. '4CO2 evolution increases after a brief lag period. In strain 67 on the other hand, '4CO2 evolution is very low and intracellular 14C reaches equilibrium at about 20 min. were added to a stoppered Warburg manometric flask along with 0.6 ml of buffer and 0.2 ml of f-alanine-l-14C containing 1.2 X 105 counts/min. At specified intervals, 0.1 ml of cell suspension was removed from the flask, and cells were separated from incubation medium for determination of intracellular 14C. At specified intervals, 10 Composition of the intracellular '4C pool in mutant strain 67 and wild type. The composition of the soluble '4C-pool, after 20 min of /3-alanine-J-14C uptake, was determined by paper chromatography of the hot water extracts of mutant 67 and wild type. Samples of the two extracts containing approximately equal amounts of radioactivity were chromatographed; the radioactive strip scan shown in Fig. 5 indicates only the relative amounts of ,3-alanine and a labeled metabolite in each extract. The identity of the slower-moving labeled material was not established conclusively. Its radioactivity was removed quantitatively after boiling the material eluted from this portion of the chromatogram in dilute acid for 10 min; this suggests that the compound is MSA.
Cells preloaded with f,-alanine show no tendency to efflux substrate into the medium. NaCN at 10-2 M causes a rapid and complete efflux of 14C ,B-alanine from strain 67 cells (Fig. 6) , suggesting that the intracellular pool in this strain is maintained by energy-dependent mechanisms. The soluble pool of radioactivity derived from (3-alanine-1-_4C preloaded wild-type cells is only partially sensitive to cyanide.
DISCUSSION
The study of membrane transport of metabolizable substrates is rendered difficult by the conversion of substrate into its metabolites. Two experimental approaches have been employed to separate metabolism from transport. One such approach is the use of a nonmetabolizable synthetic substrate such as a-aminoisobutyric acid or I-aminocyclopentane carboxylic acid. We attempted another approach that has previously been used in Escherichia coli to study the uptake of tryptophan (2) and glycine peptides (13) . Recently a proline-catabolic mutant was isolated and used to study the formation of L-proline pools in P. aeruginosa (12) . Many investigators also found it experimentally convenient to use j3-galactosidase-deficient mutants of E. coli to study the entry of lactose. Figure 4 indicates that our transaminaseless mutant, strain 67, may also be considered as a useful tool in the study of ,B-alanine pool formation.
The use of differential growth on L-alanine and fB-alanine to select transaminase mutants is made possible by the rigid specificity of this enzyme for pyruvate as the keto-acid substrate. Transaminaseless mutants were screened for the vitamin B6-dependent phenotype (17) . In the human population, inborn errors of metabolism involving the pyridoxal-PO4-dependent enzymes, cystathionase (5), a-aminolevulinic acid synthetase (8) The fact that the presence of ,B-alanine transaminase is correlated with growth on ,B-alanine shows that this is the only enzyme that can mediate the assimilation of ,3-amino nitrogen. In this regard, however, the absence of detectable levels of transaminase in mutant 83A is surprising since, like mutant 91, this strain is incapable of exponential growth on ,B-alanine. However, the chromatographic detection of small amounts of labeled material in the MSA position in strain 67, despite failure to detect enzyme activity colorimetrically, indicates that the colorimetric assay is not sufficiently sensitive to quantitate transaminase levels in leaky mutants.
